Combined search for neutrinos from dark matter self-annihilation in the
  Galactic Centre with ANTARES and IceCube by ANTARES Collaboration et al.
Combined search for neutrinos from dark matter self-annihilation in the Galactic
Centre with ANTARES and IceCube
A. Albert,1, 2 M. Andre´,3 M. Anghinolfi,4 M. Ardid,5 J.-J. Aubert,6 J. Aublin,7 B. Baret,7 S. Basa,8 B. Belhorma,9
V. Bertin,6 S. Biagi,10 M. Bissinger,11 J. Boumaaza,12 M. Bouta,13 M.C. Bouwhuis,14 H. Braˆnzas¸,15
R. Bruijn,14, 16 J. Brunner,6 J. Busto,6 A. Capone,17, 18 L. Caramete,15 J. Carr,6 S. Celli,17, 18, 19 M. Chabab,20
T. N. Chau,7 R. Cherkaoui El Moursli,12 T. Chiarusi,21 M. Circella,22 A. Coleiro,7 M. Colomer,7, 23
R. Coniglione,10 P. Coyle,6 A. Creusot,7 A. F. Dı´az,24 A. Deschamps,25 C. Distefano,10 I. Di Palma,17, 18
A. Domi,4, 26 C. Donzaud,7, 27 D. Dornic,6 D. Drouhin,1, 2 T. Eberl,11 N. El Khayati,12 A. Enzenho¨fer,11, 6
A. Ettahiri,12 P. Fermani,17, 18 G. Ferrara,10 F. Filippini,21, 28 L. Fusco,7, 28 P. Gay,29, 7 H. Glotin,30 R. Gozzini,23
R. Gracia Ruiz,1 K. Graf,11 C. Guidi,4, 26 S. Hallmann,11 H. van Haren,31 A.J. Heijboer,14 Y. Hello,25 J.J.
Herna´ndez-Rey,23 J. Ho¨ßl,11 J. Hofesta¨dt,11 F. Huang,1 G. Illuminati,23 C. W. James,32 M. de Jong,14, 33 P.
de Jong,14 M. Jongen,14 M. Kadler,34 O. Kalekin,11 U. Katz,11 N.R. Khan-Chowdhury,23 A. Kouchner,7, 35
I. Kreykenbohm,36 V. Kulikovskiy,4, 37 R. Lahmann,11 R. Le Breton,7 D. Lefe`vre,38 E. Leonora,39 G. Levi,21, 28
M. Lincetto,6 D. Lopez-Coto,40 S. Loucatos,41, 7 G. Maggi,6 J. Manczak,23 M. Marcelin,8 A. Margiotta,21, 28
A. Marinelli,42, 43 J.A. Mart´ınez-Mora,5 R. Mele,44, 45 K. Melis,14, 16 P. Migliozzi,44 M. Moser,11 A. Moussa,13
R. Muller,14 L. Nauta,14 S. Navas,40 E. Nezri,8 C. Nielsen,7 A. Nun˜ez-Castin˜eyra,6, 8 B. O’Fearraigh,14
M. Organokov,1 G.E. Pa˘va˘las¸,15 C. Pellegrino,21, 28 M. Perrin-Terrin,6 P. Piattelli,10 C. Poire`,5 V. Popa,15
T. Pradier,1 N. Randazzo,39 S. Reck,11 G. Riccobene,10 A. Sa´nchez-Losa,22 D. F. E. Samtleben,14, 33
M. Sanguineti,4, 26 P. Sapienza,10 F. Schu¨ssler,41 M. Spurio,21, 28 Th. Stolarczyk,41 B. Strandberg,14 M. Taiuti,4, 26
Y. Tayalati,12 T. Thakore,23 S.J. Tingay,32 A. Trovato,10 B. Vallage,41, 7 V. Van Elewyck,7, 35 F. Versari,21, 28, 7
S. Viola,10 D. Vivolo,44, 45 J. Wilms,36 D. Zaborov,6 A. Zegarelli,17, 18 J.D. Zornoza,23 and J. Zu´n˜iga23
(ANTARES Collaboration)
M. G. Aartsen,46 M. Ackermann,47 J. Adams,46 J. A. Aguilar,48 M. Ahlers,49 M. Ahrens,50 C. Alispach,51 K.
Andeen,52 T. Anderson,53 I. Ansseau,48 G. Anton,54 C. Argu¨elles,55 J. Auffenberg,56 S. Axani,55 H. Bagherpour,46
X. Bai,57 A. Balagopal V.,58 A. Barbano,51 S. W. Barwick,59 B. Bastian,47 V. Baum,60 S. Baur,48 R. Bay,61 J. J.
Beatty,62, 63 K.-H. Becker,64 J. Becker Tjus,65 S. BenZvi,66 D. Berley,67 E. Bernardini,47, ∗ D. Z. Besson,68, † G.
Binder,61, 69 D. Bindig,64 E. Blaufuss,67 S. Blot,47 C. Bohm,50 S. Bo¨ser,60 O. Botner,70 J. Bo¨ttcher,56 E. Bourbeau,49
J. Bourbeau,71 F. Bradascio,47 J. Braun,71 S. Bron,51 J. Brostean-Kaiser,47 A. Burgman,70 J. Buscher,56 R. S.
Busse,72 T. Carver,51 C. Chen,73 E. Cheung,67 D. Chirkin,71 S. Choi,74 B. A. Clark,75 K. Clark,76 L. Classen,72 A.
Coleman,77 G. H. Collin,55 J. M. Conrad,55 P. Coppin,78 P. Correa,78 D. F. Cowen,79, 53 R. Cross,66 P. Dave,73 C.
De Clercq,78 J. J. DeLaunay,53 H. Dembinski,77 K. Deoskar,50 S. De Ridder,80 P. Desiati,71 K. D. de Vries,78 G. de
Wasseige,78 M. de With,81 T. DeYoung,75 A. Diaz,55 J. C. Dı´az-Ve´lez,71 H. Dujmovic,58 M. Dunkman,53 E.
Dvorak,57 B. Eberhardt,71 T. Ehrhardt,60 P. Eller,53 R. Engel,58 P. A. Evenson,77 S. Fahey,71 A. R. Fazely,82 J.
Felde,67 K. Filimonov,61 C. Finley,50 D. Fox,79 A. Franckowiak,47 E. Friedman,67 A. Fritz,60 T. K. Gaisser,77 J.
Gallagher,83 E. Ganster,56 S. Garrappa,47 L. Gerhardt,69 K. Ghorbani,71 T. Glauch,84 T. Glu¨senkamp,54 A.
Goldschmidt,69 J. G. Gonzalez,77 D. Grant,75 T. Gre´goire,53 Z. Griffith,71 S. Griswold,66 M. Gu¨nder,56 M.
Gu¨ndu¨z,65 C. Haack,56 A. Hallgren,70 R. Halliday,75 L. Halve,56 F. Halzen,71 K. Hanson,71 A. Haungs,58 D.
Hebecker,81 D. Heereman,48 P. Heix,56 K. Helbing,64 R. Hellauer,67 F. Henningsen,84 S. Hickford,64 J. Hignight,85
G. C. Hill,86 K. D. Hoffman,67 R. Hoffmann,64 T. Hoinka,87 B. Hokanson-Fasig,71 K. Hoshina,71, ‡ M. Huber,84 T.
Huber,58, 47 K. Hultqvist,50 M. Hu¨nnefeld,87 R. Hussain,71 S. In,74 N. Iovine,48 A. Ishihara,88 M. Jansson,50 G. S.
Japaridze,89 M. Jeong,74 K. Jero,71 B. J. P. Jones,90 F. Jonske,56 R. Joppe,56 D. Kang,58 W. Kang,74 A. Kappes,72
D. Kappesser,60 T. Karg,47 M. Karl,84 A. Karle,71 M. Kauer,71 M. Kellermann,56 J. L. Kelley,71 A. Kheirandish,53
J. Kim,74 T. Kintscher,47 J. Kiryluk,91 T. Kittler,54 S. R. Klein,61, 69 R. Koirala,77 H. Kolanoski,81 L. Ko¨pke,60 C.
Kopper,75 S. Kopper,92 D. J. Koskinen,49 M. Kowalski,81, 47 K. Krings,84 G. Kru¨ckl,60 N. Kulacz,85 N. Kurahashi,93
A. Kyriacou,86 J. L. Lanfranchi,53 M. J. Larson,67 F. Lauber,64 J. P. Lazar,71 K. Leonard,71 A. Leszczyn´ska,58 Q. R.
Liu,71 E. Lohfink,60 C. J. Lozano Mariscal,72 L. Lu,88 F. Lucarelli,51 A. Ludwig,94 J. Lu¨nemann,78 W. Luszczak,71
Y. Lyu,61, 69 W. Y. Ma,47 J. Madsen,95 K. B. M. Mahn,75 Y. Makino,88 P. Mallik,56 K. Mallot,71 S. Mancina,71 I. C.
Maris¸,48 R. Maruyama,96 K. Mase,88 R. Maunu,67 F. McNally,97 K. Meagher,71 M. Medici,49 A. Medina,63 M.
Meier,87 S. Meighen-Berger,84 G. Merino,71 T. Meures,48 J. Micallef,75 D. Mockler,48 G. Momente´,60 T.
Montaruli,51 R. W. Moore,85 R. Morse,71 M. Moulai,55 P. Muth,56 R. Nagai,88 U. Naumann,64 G. Neer,75 L. V.
Nguyn,75 H. Niederhausen,84 M. U. Nisa,75 S. C. Nowicki,75 D. R. Nygren,69 A. Obertacke Pollmann,64 M.
ar
X
iv
:2
00
3.
06
61
4v
1 
 [a
str
o-
ph
.H
E]
  1
4 M
ar 
20
20
2Oehler,58 A. Olivas,67 A. O’Murchadha,48 E. O’Sullivan,50 T. Palczewski,61, 69 H. Pandya,77 D. V. Pankova,53 N.
Park,71 P. Peiffer,60 C. Pe´rez de los Heros,70 S. Philippen,56 D. Pieloth,87 S. Pieper,64 E. Pinat,48 A. Pizzuto,71 M.
Plum,52 A. Porcelli,80 P. B. Price,61 G. T. Przybylski,69 C. Raab,48 A. Raissi,46 M. Rameez,49 L. Rauch,47 K.
Rawlins,98 I. C. Rea,84 A. Rehman,77 R. Reimann,56 B. Relethford,93 M. Renschler,58 G. Renzi,48 E. Resconi,84 W.
Rhode,87 M. Richman,93 S. Robertson,69 M. Rongen,56 C. Rott,74 T. Ruhe,87 D. Ryckbosch,80 D. Rysewyk
Cantu,75 I. Safa,71 S. E. Sanchez Herrera,75 A. Sandrock,87 J. Sandroos,60 M. Santander,92 S. Sarkar,99 S. Sarkar,85
K. Satalecka,47 M. Schaufel,56 H. Schieler,58 P. Schlunder,87 T. Schmidt,67 A. Schneider,71 J. Schneider,54 F. G.
Schro¨der,58, 77 L. Schumacher,56 S. Sclafani,93 D. Seckel,77 S. Seunarine,95 S. Shefali,56 M. Silva,71 R. Snihur,71 J.
Soedingrekso,87 D. Soldin,77 M. Song,67 G. M. Spiczak,95 C. Spiering,47 J. Stachurska,47 M. Stamatikos,63 T.
Stanev,77 R. Stein,47 J. Stettner,56 A. Steuer,60 T. Stezelberger,69 R. G. Stokstad,69 A. Sto¨ßl,88 N. L. Strotjohann,47
T. Stu¨rwald,56 T. Stuttard,49 G. W. Sullivan,67 I. Taboada,73 F. Tenholt,65 S. Ter-Antonyan,82 A. Terliuk,47 S.
Tilav,77 K. Tollefson,75 L. Tomankova,65 C. To¨nnis,100 S. Toscano,48 D. Tosi,71 A. Trettin,47 M. Tselengidou,54 C.
F. Tung,73 A. Turcati,84 R. Turcotte,58 C. F. Turley,53 B. Ty,71 E. Unger,70 M. A. Unland Elorrieta,72 M. Usner,47
J. Vandenbroucke,71 W. Van Driessche,80 D. van Eijk,71 N. van Eijndhoven,78 J. van Santen,47 S. Verpoest,80 M.
Vraeghe,80 C. Walck,50 A. Wallace,86 M. Wallraff,56 N. Wandkowsky,71 T. B. Watson,90 C. Weaver,85 A. Weindl,58
M. J. Weiss,53 J. Weldert,60 C. Wendt,71 J. Werthebach,71 B. J. Whelan,86 N. Whitehorn,94 K. Wiebe,60 C. H.
Wiebusch,56 L. Wille,71 D. R. Williams,92 L. Wills,93 M. Wolf,84 J. Wood,71 T. R. Wood,85 K. Woschnagg,61 G.
Wrede,54 D. L. Xu,71 X. W. Xu,82 Y. Xu,91 J. P. Yanez,85 G. Yodh,59 S. Yoshida,88 T. Yuan,71 and M. Zo¨cklein56
(IceCube Collaboration)
1Universite´ de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France
2Universite´ de Haute Alsace, F-68200 Mulhouse, France
3Technical University of Catalonia, Laboratory of Applied Bioacoustics,
Rambla Exposicio´, 08800 Vilanova i la Geltru´, Barcelona, Spain
4INFN - Sezione di Genova, Via Dodecaneso 33, 16146 Genova, Italy
5Institut d’Investigacio´ per a la Gestio´ Integrada de les Zones Costaneres (IGIC)
- Universitat Polite`cnica de Vale`ncia. C/ Paranimf 1, 46730 Gandia, Spain
6Aix Marseille Univ, CNRS/IN2P3, CPPM, Marseille, France
7APC, Universite´ de Paris, CNRS, Astroparticule et Cosmologie, F-75013 Paris, France
8Aix Marseille Univ, CNRS, CNES, LAM, Marseille, France
9National Center for Energy Sciences and Nuclear Techniques, B.P.1382, R. P.10001 Rabat, Morocco
10INFN - Laboratori Nazionali del Sud (LNS), Via S. Sofia 62, 95123 Catania, Italy
11Friedrich-Alexander-Universita¨t Erlangen-Nu¨rnberg,
Erlangen Centre for Astroparticle Physics, Erwin-Rommel-Str. 1, 91058 Erlangen, Germany
12University Mohammed V in Rabat, Faculty of Sciences,
4 av. Ibn Battouta, B.P. 1014, R.P. 10000 Rabat, Morocco
13University Mohammed I, Laboratory of Physics of Matter and Radiations, B.P.717, Oujda 6000, Morocco
14Nikhef, Science Park, Amsterdam, The Netherlands
15Institute of Space Science, RO-077125 Bucharest, Ma˘gurele, Romania
16Universiteit van Amsterdam, Instituut voor Hoge-Energie Fysica,
Science Park 105, 1098 XG Amsterdam, The Netherlands
17INFN - Sezione di Roma, P.le Aldo Moro 2, 00185 Roma, Italy
18Dipartimento di Fisica dell’Universita` La Sapienza, P.le Aldo Moro 2, 00185 Roma, Italy
19Gran Sasso Science Institute, Viale Francesco Crispi 7, 00167 L’Aquila, Italy
20LPHEA, Faculty of Science - Semlali, Cadi Ayyad University, P.O.B. 2390, Marrakech, Morocco
21INFN - Sezione di Bologna, Viale Berti-Pichat 6/2, 40127 Bologna, Italy
22INFN - Sezione di Bari, Via E. Orabona 4, 70126 Bari, Italy
23IFIC - Instituto de F´ısica Corpuscular (CSIC - Universitat de Vale`ncia)
c/ Catedra´tico Jose´ Beltra´n, 2 E-46980 Paterna, Valencia, Spain
24Department of Computer Architecture and Technology/CITIC, University of Granada, 18071 Granada, Spain
25Ge´oazur, UCA, CNRS, IRD, Observatoire de la Coˆte d’Azur, Sophia Antipolis, France
26Dipartimento di Fisica dell’Universita`, Via Dodecaneso 33, 16146 Genova, Italy
27Universite´ Paris-Sud, 91405 Orsay Cedex, France
28Dipartimento di Fisica e Astronomia dell’Universita`, Viale Berti Pichat 6/2, 40127 Bologna, Italy
29Laboratoire de Physique Corpusculaire, Clermont Universite´,
Universite´ Blaise Pascal, CNRS/IN2P3, BP 10448, F-63000 Clermont-Ferrand, France
30LIS, UMR Universite´ de Toulon, Aix Marseille Universite´, CNRS, 83041 Toulon, France
31Royal Netherlands Institute for Sea Research (NIOZ) and Utrecht University,
Landsdiep 4, 1797 SZ ’t Horntje (Texel), the Netherlands
32International Centre for Radio Astronomy Research - Curtin University, Bentley, WA 6102, Australia
33Huygens-Kamerlingh Onnes Laboratorium, Universiteit Leiden, The Netherlands
334Institut fu¨r Theoretische Physik und Astrophysik,
Universita¨t Wu¨rzburg, Emil-Fischer Str. 31, 97074 Wu¨rzburg, Germany
35Institut Universitaire de France, 75005 Paris, France
36Dr. Remeis-Sternwarte and ECAP, Friedrich-Alexander-Universita¨t
Erlangen-Nu¨rnberg, Sternwartstr. 7, 96049 Bamberg, Germany
37Moscow State University, Skobeltsyn Institute of Nuclear Physics, Leninskie gory, 119991 Moscow, Russia
38Mediterranean Institute of Oceanography (MIO), Aix-Marseille University,
13288, Marseille, Cedex 9, France; Universite´ du Sud Toulon-Var,
CNRS-INSU/IRD UM 110, 83957, La Garde Cedex, France
39INFN - Sezione di Catania, Via S. Sofia 64, 95123 Catania, Italy
40Dpto. de F´ısica Teo´rica y del Cosmos & C.A.F.P.E., University of Granada, 18071 Granada, Spain
41IRFU, CEA, Universite´ Paris-Saclay, F-91191 Gif-sur-Yvette, France
42INFN - Sezione di Pisa, Largo B. Pontecorvo 3, 56127 Pisa, Italy
43Dipartimento di Fisica dell’Universita`, Largo B. Pontecorvo 3, 56127 Pisa, Italy
44INFN - Sezione di Napoli, Via Cintia 80126 Napoli, Italy
45Dipartimento di Fisica dell’Universita` Federico II di Napoli, Via Cintia 80126, Napoli, Italy
46Dept. of Physics and Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand
47DESY, D-15738 Zeuthen, Germany
48Universite´ Libre de Bruxelles, Science Faculty CP230, B-1050 Brussels, Belgium
49Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark
50Oskar Klein Centre and Dept. of Physics, Stockholm University, SE-10691 Stockholm, Sweden
51De´partement de physique nucle´aire et corpusculaire,
Universite´ de Gene`ve, CH-1211 Gene`ve, Switzerland
52Department of Physics, Marquette University, Milwaukee, WI, 53201, USA
53Dept. of Physics, Pennsylvania State University, University Park, PA 16802, USA
54Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universita¨t Erlangen-Nu¨rnberg, D-91058 Erlangen, Germany
55Dept. of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
56III. Physikalisches Institut, RWTH Aachen University, D-52056 Aachen, Germany
57Physics Department, South Dakota School of Mines and Technology, Rapid City, SD 57701, USA
58Karlsruhe Institute of Technology, Institut fu¨r Kernphysik, D-76021 Karlsruhe, Germany
59Dept. of Physics and Astronomy, University of California, Irvine, CA 92697, USA
60Institute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germany
61Dept. of Physics, University of California, Berkeley, CA 94720, USA
62Dept. of Astronomy, Ohio State University, Columbus, OH 43210, USA
63Dept. of Physics and Center for Cosmology and Astro-Particle Physics,
Ohio State University, Columbus, OH 43210, USA
64Dept. of Physics, University of Wuppertal, D-42119 Wuppertal, Germany
65Fakulta¨t fu¨r Physik & Astronomie, Ruhr-Universita¨t Bochum, D-44780 Bochum, Germany
66Dept. of Physics and Astronomy, University of Rochester, Rochester, NY 14627, USA
67Dept. of Physics, University of Maryland, College Park, MD 20742, USA
68Dept. of Physics and Astronomy, University of Kansas, Lawrence, KS 66045, USA
69Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
70Dept. of Physics and Astronomy, Uppsala University, Box 516, S-75120 Uppsala, Sweden
71Dept. of Physics and Wisconsin IceCube Particle Astrophysics Center,
University of Wisconsin, Madison, WI 53706, USA
72Institut fu¨r Kernphysik, Westfa¨lische Wilhelms-Universita¨t Mu¨nster, D-48149 Mu¨nster, Germany
73School of Physics and Center for Relativistic Astrophysics,
Georgia Institute of Technology, Atlanta, GA 30332, USA
74Dept. of Physics, Sungkyunkwan University, Suwon 16419, Korea
75Dept. of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA
76SNOLAB, 1039 Regional Road 24, Creighton Mine 9, Lively, ON, Canada P3Y 1N2
77Bartol Research Institute and Dept. of Physics and Astronomy,
University of Delaware, Newark, DE 19716, USA
78Vrije Universiteit Brussel (VUB), Dienst ELEM, B-1050 Brussels, Belgium
79Dept. of Astronomy and Astrophysics, Pennsylvania State University, University Park, PA 16802, USA
80Dept. of Physics and Astronomy, University of Gent, B-9000 Gent, Belgium
81Institut fu¨r Physik, Humboldt-Universita¨t zu Berlin, D-12489 Berlin, Germany
82Dept. of Physics, Southern University, Baton Rouge, LA 70813, USA
83Dept. of Astronomy, University of Wisconsin, Madison, WI 53706, USA
84Physik-department, Technische Universita¨t Mu¨nchen, D-85748 Garching, Germany
85Dept. of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2E1
86Department of Physics, University of Adelaide, Adelaide, 5005, Australia
87Dept. of Physics, TU Dortmund University, D-44221 Dortmund, Germany
88Dept. of Physics and Institute for Global Prominent Research, Chiba University, Chiba 263-8522, Japan
489CTSPS, Clark-Atlanta University, Atlanta, GA 30314, USA
90Dept. of Physics, University of Texas at Arlington, 502 Yates St.,
Science Hall Rm 108, Box 19059, Arlington, TX 76019, USA
91Dept. of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794-3800, USA
92Dept. of Physics and Astronomy, University of Alabama, Tuscaloosa, AL 35487, USA
93Dept. of Physics, Drexel University, 3141 Chestnut Street, Philadelphia, PA 19104, USA
94Department of Physics and Astronomy, UCLA, Los Angeles, CA 90095, USA
95Dept. of Physics, University of Wisconsin, River Falls, WI 54022, USA
96Dept. of Physics, Yale University, New Haven, CT 06520, USA
97Department of Physics, Mercer University, Macon, GA 31207-0001, USA
98Dept. of Physics and Astronomy, University of Alaska Anchorage,
3211 Providence Dr., Anchorage, AK 99508, USA
99Dept. of Physics, University of Oxford, Parks Road, Oxford OX1 3PU, UK
100Institute of Basic Science, Sungkyunkwan University, Suwon 16419, Korea
(Dated: March 17, 2020)
We present the results of the first combined dark matter search targeting the Galactic Centre
using the ANTARES and IceCube neutrino telescopes. For dark matter particles with masses from
50 to 1000 GeV, the sensitivities on the self-annihilation cross section set by ANTARES and IceCube
are comparable, making this mass range particularly interesting for a joint analysis. Dark matter
self-annihilation through the τ+τ−, µ+µ−, bb¯ and W+W− channels is considered for both the
Navarro-Frenk-White and Burkert halo profiles. In the combination of 2,101.6 days of ANTARES
data and 1,007 days of IceCube data, no excess over the expected background is observed. Limits on
the thermally-averaged dark matter annihilation cross section 〈σAυ〉 are set. These limits present
an improvement of up to a factor of two in the studied dark matter mass range with respect to
the individual limits published by both collaborations. When considering dark matter particles
with a mass of 200 GeV annihilating through the τ+τ− channel, the value obtained for the limit is
7.44×10−24cm3s−1 for the Navarro-Frenk-White halo profile. For the purpose of this joint analysis,
the model parameters and the likelihood are unified, providing a benchmark for forthcoming dark
matter searches performed by neutrino telescopes.
I. INTRODUCTION
Dark matter was first postulated in the 1930s and its
existence has been established by a wealth of astrophysi-
cal as well as cosmological observations, both at Galactic
and extragalactic scales [1, 2]. Nevertheless, the nature
of dark matter remains largely unknown and a variety of
theoretical models are considered in order to solve this
mystery [3]. A common hypothesis assumes dark matter
to be composed of, yet unobserved, Weakly Interactive
Massive Particles (WIMPs) [4]. Searches for dark mat-
ter are typically carried out in three different ways: di-
rect detection of nuclear recoil from WIMP-nucleus inter-
actions [5], dark matter production in particle accelera-
tors [6] and indirect searches [7–9]. When annihilating or
decaying, dark matter particles are expected to produce
Standard Model particles. These will eventually yield
stable charged particles present in the cosmic radiations,
as well as neutrinos and γ-rays. Indirect searches look
for these messengers, which can be detected by space or
ground-based observatories.
Observations of the kinematics of stars and N-body
simulations suggest that galaxies and galaxy clusters are
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embedded in dark matter halos, with an increased den-
sity towards the centre [10, 11]. In addition, dark matter
particles are expected to accumulate gravitationally at
the centre of massive objects, such as the Earth [12, 13]
and the Sun [14–16], after losing energy via scattering.
The enhanced concentration of dark matter at the cen-
tre of these objects would favour their annihilation into
secondary particles, making massive objects good targets
for indirect searches.
The analysis presented in this paper consists in a
search for neutrinos from dark matter self-annihilation
in the centre of the Milky Way. In this paper, the term
“neutrino” refers to ν + ν¯ since the events generated
by neutrinos and anti-neutrinos are seen indistinguish-
ably in the two detectors considered. Corresponding
limits on the thermally-averaged annihilation cross sec-
tion, 〈σAυ〉, have already been set by the ANTARES and
IceCube collaborations [17–21]. Both neutrino telescopes
are optimised for the detection of high-energy neutrinos
(∼1 TeV). For dark matter masses ranging from 50 to
1000 GeV, the limits obtained by the two telescopes are
comparable, which makes this region interesting for a
joint analysis. By combining the datasets of both ex-
periments, the goal is to improve the detection potential
in this particular mass range. In order to perform this
combined search, an important aspect was to identify the
differences in the methods used by the two collaborations
and to reconcile them.
This paper is structured as follows. The expected neu-
5trino flux from dark matter annihilation is discussed in
Section II. In Section III, the ANTARES and IceCube
neutrino detectors are presented. Section IV gives an
overview of the datasets used for the combined search.
The analysis method is introduced in Section V. In sec-
tion VI, the systematic uncertainties are addressed. Fi-
nally, the results are shown and discussed in Section VII.
II. INDIRECT DARK MATTER SEARCH WITH
NEUTRINOS
The expected differential flux of secondary neutrinos
from dark matter self-annihilation in the Galactic Centre
is defined following reference [22]:
dφν
dEν
=
1
4pi
〈σAυ〉
2m2DM
dNν
dEν
J , (1)
where 〈σAυ〉 is the thermally-averaged self-annihilation
cross section, mDM is the mass of the dark matter particle
and dNν/dEν is the differential number of neutrinos per
annihilating dark matter pair. The factor 1/4pi arises
from the assumed spherical symmetry of the dark matter
self-annihilation. The J-factor is expressed as
J =
∫
∆Ω
dΩ(Ψ)
∫
l.o.s
ρ2DM (r(l,Ψ)) dl , (2)
and is defined as the integral over the solid angle, ∆Ω, of
the squared dark matter density evaluated along the line
of sight (l.o.s.). The J-factor depends on the opening an-
gle to the Galactic Centre, Ψ. The squared dark matter
mass and dark matter density, as well as the factor 1/2,
result from the fact that two dark matter particles are
needed for each annihilation.
The density distribution of dark matter in galaxies as
a function of the distance r to the Galactic Centre can be
parameterized by an extension of the Zhao profile [23]:
ρDM(r) =
ρ0(
δ + rrs
)γ
·
[
1 +
(
r
rs
)α](β−γ)/α . (3)
Both the normalisation density, ρ0, and the scale radius,
rs, have to be evaluated for each galaxy. Values for these
free model parameters are taken from reference [24] and
are used for both experiments (see Table I). Since the
J-factor depends on the dark matter density used, we
consider two dark matter halo models to account for
this uncertainty. Both of them are described by Equa-
tion 3, where the dimensionless parameters (α, β, γ, δ)
take the values (1,3,1,0) for the Navarro-Frenk-White
profile (NFW) [25] and (2,3,1,1) for the Burkert pro-
file [26]. While the two models differ by orders of mag-
nitude close to the Galactic Centre, they become rather
similar outside the solar circle, Rsc=8.5 kpc, in agree-
ment with uncertainty estimations from galactic rotation
Parameters Units NFW Burkert
ρ0 10
7M/kpc3 1.4 4.1
rs kpc 16.1 9.3
TABLE I. Parameters of the dark matter halo profiles for the
Milky Way taken from reference [24].
curves [27]. The resulting dark matter densities as a func-
tion of r are shown in the left panel of Figure 1 for both
halo profiles.
Along with the spatial distribution of dark matter,
given by the J-factor, the spectra of secondary parti-
cles from dark matter annihilation is also a necessary
theoretical input for this analysis. In our effort to com-
bine the methods of both experiments, we found differ-
ences in the energy spectra used for previous analyses.
While the spectra known as PPPC4 [28] tables were used
by ANTARES, IceCube used spectra computed directly
with PYTHIA [29]. For the purpose of the combined
analysis, it was imperative to use the same spectra for
both detectors. The PPPC4 tables are preferred as they
take electroweak corrections into account. As a result, we
noticed variations of up to 25% of the IceCube-only lim-
its computed with the PPPC4 spectra when compared
to the limits obtained with the previously used PYTHIA
spectra. We consider dark matter annihilating through
four self-annihilation channels. A 100% branching ratio
to W+W−, τ+τ−, µ+µ− or bb¯ is assumed. The corre-
sponding muon neutrino spectra at Earth for every anni-
hilation process, dNν/dEν , are shown in the right panel
of Figure 1 for a dark matter mass of 100 GeV.
This analysis is sensitive to any dark matter candidate
self-annihilating to Standard Model particles and leading
to the production of neutrinos through the four chan-
nels studied. Throughout this work, dark matter masses
ranging from 50 to 1000 GeV are considered.
III. DETECTORS
Given the small interaction cross section of neutri-
nos, a large volume of target material is required for
the neutrino detection. For Cherenkov detectors, such
as ANTARES and IceCube, this was achieved by in-
stalling photomultiplier tubes (PMTs) in a transparent
natural medium. These photo-sensors then record the
Cherenkov emission induced by secondary charged parti-
cles produced by the interaction of neutrinos in the sur-
rounding environment.
ANTARES is an underwater neutrino telescope de-
ployed in the Mediterranean Sea, 40 km offshore from
Toulon (France) at coordinates 42◦48’N, 6◦10’E [30]. The
detector is composed of 12 vertical detection lines, hor-
izontally spaced by 70 metres. Each string holds 25
storeys of 3 photo-detectors separated vertically by 14.5
metres. The strings are anchored to the seabed at a depth
6FIG. 1. Left: Dark matter density, ρDM(r), as a function of the radial distance to the Galactic Centre, r, for the NFW and
Burkert profiles. Right: Muon neutrino spectra at Earth for a dark matter mass of 100 GeV and the four self-annihilation
channels.
of 2,475 metres, covering a volume of more than 0.01 km3.
IceCube is a cubic-kilometre neutrino telescope located
at the geographic South Pole [31]. The detector consists
of 5,160 PMTs attached to vertical strings disseminated
in 86 boreholes [32], between depths of 1,450 to 2,500
metres. The IceCube array is composed of 86 strings
instrumented with 60 Digital Optical Modules (DOMs).
Among them, 78 strings are arranged on a hexagonal
grid with a spacing of 125 metres, with a vertical separa-
tion of 17 metres between each DOM. The eight remain-
ing strings are deployed more compactly at the centre
of the array, forming the DeepCore sub-detector [33]. A
horizontal distance of 72 metres separates the DeepCore
strings with a vertical spacing of 7 metres between each
DOM. The fiducial volume of DeepCore forms a 125 me-
tres radius by 350 metres long cylinder, which includes
seven regular IceCube strings.
IV. EVENT SELECTION
This joint analysis makes use of individual datasets
which were designed for previous analyses of the corre-
sponding collaborations. Both samples are optimised to
search for dark matter in the Galactic Centre. Consider-
ing the different scale and location of the two detectors,
distinct methods were used to reduce the background.
The main backgrounds of neutrino telescopes consist of
atmospheric muons and neutrinos produced by the in-
teraction of cosmic rays with nuclei in the upper atmo-
sphere. The contribution from atmospheric muons is six
orders of magnitude larger than the background from at-
mospheric neutrinos. However, in the up-going direc-
tion, muons are suppressed as they are filtered out by
the Earth.
The Galactic Centre is located in the Southern Hemi-
sphere, at declination δGC ∼ −29.01◦. Since declinations
between 0◦ and −90◦ are always above the horizon of
IceCube, events coming from the Galactic Centre are seen
as down-going events in the detector. Therefore, we con-
sider a smaller fiducial volume for this analysis, since the
outer part of the detector is used as a veto to reject atmo-
spheric muons. The effective volume is reduced to the 8
DeepCore strings and the 7 surrounding IceCube strings.
In addition, only DOMs with depths between 2140 and
2420 m are considered. Unlike IceCube, ANTARES does
not have a fixed view of the Galactic Centre in local co-
ordinates. Hence, declinations below −47◦ are favoured
since they are always seen as up-going in the ANTARES
detector, while events with declinations between −47◦
and 47◦ are below the horizon for only a part of the side-
real day. As a result, ANTARES has a visibility of the
Galactic Centre at about 75% of the time and no instru-
mental veto is required for this analysis.
The ANTARES dataset consists of events recorded
over 9 years between 2007 and 2015, resulting in an effec-
tive livetime of 2,101.6 days. This sample is composed of
up-going track-like events and was optimised for a previ-
ous dark matter search based on the same dataset [17].
According to the number of strings with triggered PMTs,
two different reconstruction algorithms are used. The
single-line reconstruction (QFit) [34], which is optimised
for energies below 100 GeV, can reconstruct only the
zenith angle of the events. At higher neutrino energies,
the multi-line algorithm (λFit) is used [35] since PMTs
from more than one string are likely to be triggered. Both
algorithms are characterised by a parameter representing
the quality of the reconstructed track. The final selection
results in 1,077 reconstructed neutrino events for QFit
and 15,651 events for λFit. Since these cuts strongly
favour the reconstruction of muon tracks produced in the
charged-current interaction of muon neutrinos, only neu-
trinos of this flavour are considered.
For IceCube, a data sample thoroughly described in
reference [19] has been used. That selection consists of
events recorded from 2012 to 2015 with the 86-string con-
7figuration, for a total livetime of 1,007 days. The purpose
was to select track-like events starting within the detector
volume. Such events originate mainly from the charged-
current interactions of muon neutrinos within the detec-
tor. Even though the event selection is optimised for
muon neutrinos, all neutrino flavours are considered in
the final sample. The final selection results in a total of
22,622 events.
V. ANALYSIS PROCEDURE
A binned likelihood method is applied in order to
search for an excess of signal neutrinos from the Galactic
Centre. In this approach, the distribution of the data is
compared to what is expected from the background and
signal distributions for given combinations of halo profile,
dark matter mass and annihilation channel. The infor-
mation about the shape of the signal and background is
contained in probability density functions (PDFs). Like-
lihood functions are defined for each experiment, with
PDFs built differently for ANTARES and IceCube.
The ANTARES PDFs represent the angular distance
of each event from the source. For QFit, we use 28 bins in
∆ cos(θ) = cos(θGC)− cos(θevent) from -1 to 0.14, where
cos(θevent) is the zenith of the reconstructed event track
and cos(θGC) represents the zenith position of the Galac-
tic Centre at the time of the event (see top panel of
Figure 2). For λFit, we consider 15 bins in Ψ ranging
from 0◦ to 30◦, where Ψ is the space angle between the
Galactic Centre and the event track (see bottom panel
of Figure 2). In the case of IceCube, 2-dimensional dis-
tributions are used (see Figure 3). The binning consists
of 6 bins in declination ranging from -1 to 1 rad and 10
bins in right ascension (RA) covering the range from -pi
to pi rad.
For both experiments, the signal PDFs are estimated
from generic samples of simulated neutrinos, which are
then weighted with the source morphology and the neu-
trino spectrum for each halo profile, dark matter mass
and annihilation channel. Assuming uniformity of the
background in RA, the IceCube background PDF is de-
termined by scrambling the data in RA and subtract-
ing the expected signal. For ANTARES, the λFit back-
ground PDF is also determined from experimental data
scrambled in RA, while the QFit background PDF is ob-
tained by scrambling the arrival time of the events.
Any given event distribution, f i(µ), can be expressed
as a superposition of the signal, f is , and background, f
i
bg,
PDFs:
f i(µ) = µ f is + (1− µ) f ibg , (4)
where µ ∈ [0, 1] is the fraction of signal events assumed
to be present in the total sample.
The likelihood is defined as the product of the Poisson
probabilities to observe niobs events in a particular bin i:
FIG. 2. Top: ANTARES PDFs for the QFit reconstruction.
Bottom: ANTARES PDFs for the λFit reconstruction. Both
histograms show the background (blue) and signal (green)
PDFs for the τ+τ− annihilation channel and NFW profile,
assuming mDM = 100 GeV.
L(µ) =
max∏
i=min
(
ntotobs f
i(µ)
)niobs
niobs!
e−n
tot
obs f
i(µ) . (5)
The number of observed events in a bin i, niobs, is com-
pared to the expected number of events in that particu-
lar bin, given the total number of event in the data, ntotobs
times the fraction of events within a specific bin, f i(µ),
for a given value of µ.
Once defined for ANTARES and IceCube separately,
the likelihoods are merged into a single combined likeli-
hood defined as
Lcomb(µ) =
∏
k=A,I
Lk(wk . µ) , (6)
where the index k = (A, I ) refers to ANTARES and
IceCube, respectively. Since the signal acceptances, ηksig,
for a given dark matter signal (mass, annihilation channel
and halo profile) are different for the two experiments,
the signal fraction is weighted with a relative weight, wk.
8FIG. 3. Left: IceCube background PDF obtained from data scrambled in RA, where the colour scale expressed the probability
density. Right: IceCube signal PDF for τ+τ− channel and mDM = 100 GeV assuming the NFW profile.
This weight represents the relative signal acceptance of
each experiment with respect to the contribution from
the total event sample:
wk =
ηksig/ηsig
Nktot/Ntot
, (7)
where Ntot denotes the total number of background
events and is obtained by summing NAtot and N
I
tot. The
total signal acceptance, ηsig, is defined as the sum of the
individual signal acceptances, ηksig, which we define as
ηksig =
1
8pi
J
T klive
m2DM
∫
Akeff(E)
dNν
dEν
dE , (8)
where T klive is the experiment livetime and A
k
eff is the
effective area of the detector. The effective area, com-
puted using Monte Carlo simulations, depends on sev-
eral factors such as the neutrino cross-section, the range
of secondary particles, the detector efficiencies, and the
selection criteria for each sample. A comparison of the
effective area of the ANTARES and IceCube samples is
shown in Figure 4 for declinations between δGC−30◦ and
δGC +30
◦. The signal acceptances are computed for each
combination of dark matter mass, annihilation channel
and halo profile.
With this likelihood method, we can obtain the best
estimate of the signal fraction, µbest, which is the value
of µ maximising the likelihood, L(µ). In order to eval-
uate the sensitivity of this analysis, we generate 100,000
pseudo-experiments sampled from the background-only
PDF. For each of these pseudo-experiments, we com-
pute the upper limit at the 90% confidence level (CL),
µ90, according to the unified approach of Feldman &
Cousins [36]. The final sensitivity, µˆ90, is defined as the
median value of these upper limits. The µ90 distribution
of the pseudo-experiments is also used to determine the
statistical uncertainty of the sensitivity, which we express
in terms of 1σ and 2σ uncertainties.
FIG. 4. Comparison of the effective area of the ANTARES
and IceCube samples as a function of the neutrino energy for
events with declination δ ∈ [δGC − 30◦, δGC + 30◦].
The same method is used to determine µbest for the
unblinded data. If the obtained value is consistent with
the background-only hypothesis, the corresponding up-
per limit on the signal fraction, µ90, is computed. We can
then deduce the limit on the dark matter self-annihilation
cross section using the relation
〈σAυ〉 = µ90Ntot
ηsig
, (9)
for a given dark matter mass, annihilation channel and
halo profile.
VI. SYSTEMATIC UNCERTAINTIES
The sources of uncertainties can be split into theoret-
ical and detector-related systematic uncertainties. Since
the background PDFs are obtained from data for both
experiments, systematic effects were only studied for the
signal simulation.
9For ANTARES, the uncertainty on the track direc-
tion is the dominant systematic uncertainty. To account
for this, the approach used in previous ANTARES point
source searches is applied. The determination of track
parameters relies on the time resolution of the detector
units, affected by the PMT transit time spread, errors in
the calibration of the timing system and possible spatial
misalignment of the detector lines. As reported in ref-
erence [37], these uncertainties overall affect the angular
resolution for tracks by about 15%. This uncertainty is
implemented in the analysis by smearing the signal PDFs
by 15%.
Similarly, the dominant source of systematic uncer-
tainty of the IceCube detector results from the uncer-
tainty on the angular resolution, which is affected by the
modelling of the ice properties and the photon detection
efficiency of the DOMs. These effects were studied using
Monte Carlo simulations for which a variations of ±1σ
on the baseline set values were applied. This results in a
5-15% uncertainty from the optical properties of the ice,
where the scattering and absorption lengths are modi-
fied. The optical properties of the hole ice are different
than the bulk ice. Due to the presence of impurities, the
scattering length of the ice in the drilling holes is shorter.
The treatment of the uncertainty on the scattering length
results in a worsening of 25-30% of the sensitivity when
increasing the scattering length considered for the hole
ice. Reciprocally, the sensitivity improves by 5 − 10%
when considering a shortening of the scattering length.
The uncertainty on the photon detection efficiency of the
DOMs affects the sensitivity by improving or worsening
it by 5 to 40%. We add in quadrature the different sys-
tematic contributions to obtain the total uncertainty, as-
suming all systematic uncertainties to be independent.
These systematic uncertainties are included in the final
results by conservatively reducing the IceCube signal ac-
ceptance ηIsig by 38%.
However, astrophysical uncertainties on the dark mat-
ter halo model parameters prevail over the systematic un-
certainties mentioned above. To account for uncertainties
linked to the dark matter halo models, we present limits
for both the NFW and Burkert profiles. The impact of
the halo model choice can be seen in Figure 5, where the
limits for the NFW and Burkert profiles are presented.
VII. RESULTS AND DISCUSSION
This joint analysis is conducted with data collected by
the ANTARES and IceCube neutrino telescopes during
a period of 9 and 3 years, respectively. By combining the
data samples at the likelihood level, we find no significant
excess of neutrinos in the direction of the Galactic Cen-
tre. We present limits on the thermally-averaged dark
matter self-annihilation cross section 〈σAυ〉. The val-
ues obtained for all dark matter masses and annihilation
channels can be found in Tables II and III for the NFW
and Burkert profiles, respectively, with parameters from
FIG. 5. Combined 90% CL limits on the thermally-averaged
dark matter annihilation cross section as a function of the
dark matter mass for the NFW (top) and Burkert (bottom)
halo profiles. All annihilation channels considered in this
analysis are presented (bb¯, τ+τ−, µ+µ−, W+W−).
Table I. The 90% CL combined limits are presented in
Figure 5 for all self-annihilation channels considered, as-
suming both the NFW (top) and Burkert (bottom) halo
profiles.
In Figure 6, we present the combined limit obtained
for the τ+τ− channel and the NFW profile alongside the
previous ANTARES and IceCube limits. The present
analysis uses the datasets developed for these individ-
ual searches. When compared to the IceCube and
ANTARES stand-alone limits, the combined limit is bet-
ter by up to a factor 2 in the dark matter mass range con-
sidered, i.e. between 50 and 1000 GeV. An enhancement
of the limit can also be seen for the other dark matter
annihilation channel and halo profile combinations pre-
sented in Figure 5, with an exception for the bb¯ channel
when considering the Burkert profile. For this particular
case, the combined limit is dominated by IceCube, which
has a better signal acceptance than ANTARES for the
entire mass range due to the very soft spectrum. In ad-
dition to the improvement due to the combination of the
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FIG. 6. 90% CL upper limit on the thermally-averaged dark
matter annihilation cross section 〈σAυ〉 obtained for the com-
bined analysis as a function of the dark matter mass mDM
assuming the NFW halo profile for the τ+τ− annihilation
channel. The limits from IceCube [19], ANTARES [17], VER-
ITAS [8], Fermi+MAGIC [9] and H.E.S.S. [7] are also shown.
two datasets, a difference between the ANTARES limit
and the combined limit is also noticeable for dark matter
masses where the contribution from IceCube is expected
to be negligible. This divergence results from the way
under-fluctuations are treated by this analysis and the
previous ANTARES search. When obtaining limits with
lower values than sensitivities, sensitivities were labelled
as limits for the previous ANTARES analysis while lim-
its remain unchanged for our combined search. The im-
portance of this effect can be seen in Figure 7, where
the limit for dark matter annihilation into τ+τ− for the
NFW profile is shown alongside the sensitivity. These
results are also compared with current limits obtained
with γ-ray telescopes from searches of photons produced
in the self-annihilation of dark matter into τ+τ− (see
Figure 6). Gamma-ray limits are still several order of
magnitude better for this particular channel although it
needs to be noted that the VERITAS [8] and the com-
bined Fermi+MAGIC limits [9] were obtained from the
study of dwarf spheroidal galaxies (dSphs), while the
other limits presented are for the Galactic Centre. Note
as well that the H.E.S.S. limit was obtained assuming the
Einasto halo profile [7]. Both the Einasto and the NFW
halo profiles assume a high dark matter density at the
centre of the galaxy, with negligeable differences in their
respective parametrisations.
FIG. 7. Comparison of the 90% CL combined limit (solid
line) and sensitivity (dashed line) for the NFW halo profile
and the τ+τ− annihilation channel, along with the expected
1σ (green) and 2σ (yellow) bands around the expected median
sensitivity.
mDM [GeV] 〈σAυ〉 [10−24 cm3s−1]
bb¯ τ+τ− µ+µ− W+W−
50 424 14.9 12.3 —
65 315 11.5 9.8 —
90 236 9.7 8.3 23.5
100 217 9.5 8.2 21.7
130 177 9.5 8.2 21.5
150 162 9.9 8.7 22.9
180 157 7.9 6.9 15.0
200 144 7.4 6.3 13.6
250 136 5.8 5.2 10.6
300 132 5.2 4.5 9.5
350 130 4.5 4.2 8.1
400 131 4.0 3.6 7.8
500 107 3.5 3.3 6.9
750 72.9 2.9 2.7 5.8
800 69.7 2.9 2.6 5.9
900 66.0 2.7 2.4 5.7
1000 66.1 2.6 2.4 5.5
TABLE II. 90% CL upper limits on the thermally-averaged
self-annihilation cross section for the NFW profile.
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